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Introduction 

manina t ion  of explora tory  d r i l l  cores taken from a l imi ted  a rea  near 
Somerset, Colorado, d i sc losed  some coa l  beds associated with sills, or  horizontal  
bodies, of monzonite and d i o r i t e  rock. These si l ls ,  o r  igneous intrusions,  were 
formed when t h e  rock, i n  a molten s t a t e ,  invaded t h e  coal-bearing s t r a t a .  The 
coals range i n  rank from high-vola t i le  bituminous through an thrac i te  t o  na tu ra l  
coke. The material  transformation of coal t o  coke produces chemical, physical ,  
ana petrographic changes. This inves t iga t ion  w a s  conducted t o  determine t o  what 
extent var ia t ions  i n  t h e  chemical, physical, and petrographic da ta  can be used t o  
assess  t h e  de le te r ious  e f f e c t  of t h e  in t rus ives  on the  coking qua l i ty  o f t h e  coal. 

Materials and mperimental  Work 

Samples of coa ls  and n a t u r a l  coke were se lec ted  from th ree  6-inch cores 
from exploratory diamond-drill ho les  near Somerset, Colorado. A map of the  
Somerset a rea  of Delta County, Colorado, Figure 1, shows t h e  loca t ion  of t h e  
holes from which the  cores were obtained. The B-1 coal w a s  sampled from holes  1 
and 2, t h e  B-2 and C coals were sampled from hole 3 .  A t h i n  coa l  between t h e  B-1 
and A coals was sampled i n  hole 1. 
include similar material  and t o  accent major changes i n  t h e  coa l  seams. 

The 35 core segments sampled were chosen t o  

Proximate and u l t imate  chemical analyses and reflectance,  and r e s i s t i v i t y  
measurements were performed f o r  each sample. Since these chemical and physical 
p roper t ies  of coal change by thermal treatment, these  proper t ies  a re  used as indica- 
t i o n s  of the  degree of  thermal metamorphism. Ordinarily, chemical da t a  alone should 
su f f i ce  t o  ind ica te  t h e  aegree of thermal a l t e r a t ion ;  however, t h e  coa l  samples 
frequently proved t o  be of high ash y i e ld  and not su i t ab le  f o r  routine coal-chemical 
t e s t s .  5 

To re l a t e  t h e  temperature involved i n  t h e  thermal a l t e r a t i o n  of c o a l  by 
igneous intrusions,  samples of unaltered coa l  from the  seams w e r e  thermally t r e a t e d  
i n  the  laboratory.  Ten 15-gram samples of minus 8-mesh Somerset coal were carbonized 
i n  covered crucibles i n  an electric box furnace a t  a hea t ing  rate of 5.4 F per  
minute t o  predetermined temperatures ranging from 2U F t o  1832 F. 
each carbonized sample was then  analyzed f o r  reflectance,  r e s i s t i v i t y ,  and hydrogen 
content.  

A portion of 

The following ana ly t i ca l  procedures were followed i n  analyzing both the  
d r i l l - c o r e  and laboratory-carbonized samples. The average re f lec tance  i n  o i l  was 
based on 50 re f lec tance  determinations p e r  sample. The r e s i s t i v i t y  values were 
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determined f o r  half-gram, minus 65-mesh samples dr ied  f o r  24 hours a t  2l.2 F arid 
t e s t ed  a t  20,000 ps i .  All chemical data were determined by stendcrd laboratory 
procedures. 

Equations were developed and cor re la t ion  coef f ic ien ts  were determined 
fo r  t h e  re la t ionships  of temperature with reflectance,  r e s i s t i v i t y ,  and hydrogen 
content of t he  coals, Table I. 

Results and Discussion 

When coal and/or associated rocks i n  place i n  t h e  ea r th  are invaded by 
molten rock, t h e  r e su l t i ng  a l t e r a t i o n  of t h e  coal i s  similar t o  t h e  thermal 
a l t e r a t i o n  produced i n  commercial carbonization processes. 
chemical and physical changes produced i n  laboratory-carbonized coa ls  can be 
compared with similar changes i n  coals t h a t  have been thermally a l t e r e d  by igneous 
in t rus ions .  I n  addition, t h e  thickness of t h e  in t rus ion  and its d is tance  from 
t h e  coal seam have been r e l a t ed  t o  t h e  degree of coal a l t e r a t i o n  SO t h a t  t h e  damage 
sustained by t h e  coal o r  coa ls  can be approximated with a minimum of ana ly t i ca l  
t e s t  data.  

For t h i s  reason 

I n  t h e  following discussion t h e  physical and chemical proper t ies  of t h e  
d r i l l - co re  samples a r e  compared with those of coals carbonized i n  t h e  Laboratory 
at various temperatures. Following this,  t h e  r e l a t ion  of the degree of coal 
a l t e r a t i o n  t o  t h e  source of hea t  is discussed. 

Physical and Chemical Changes i n  Thermally Altered Coal 

The op t i ca l  reflectance,  e l e c t r i c a l  r e s i s t i v i t y ,  and hydrogen content 
were determined f o r  Somerset h igh-vola t i le  coa l  carbonized a t  d i f f e r e n t  temperatures 
i n  the  laboratory.  The re f lec tance  increases and the  r e s i s t i v i t y  and t h e  hydrogen 
content decrease as the carbonization temperature increases,  a s  shown i n  Figure 2. 
The Somerset h igh-vola t i le  rank coal, which has not been a l t e r ed  thermally, has a 
re f lec tance  of about 0.7 percent,  a r e s i s t i v i t y  of about 4.2 x 10l1 ohm-cm, and a 
hydrogen content of about 5.9 percent.  When coa l  has been a l t e r ed  t o  a re f lec tance  
grea te r  than 2.0 percent, a r e s i s t i v i t y  of 6.5 x lo7 o r  more, and a hydrogen content 
o f  l e s s  than 4.0 percent, it can be considered a s  non-coking. 
samples the  var ia t ions  i n  t h e  reflectance,  r e s i s t i v i t y  proper t ies ,  and hydrogen 
content have been r e l a t ed  t o  t h e  temperature of carbonization because temperature 
was t he  var iab le  i n  the sample preparation. The cor re la t ion  coe f f i c i en t s  f o r  t h e  
r e l a t i o n  of temperature t o  both re f lec tance  and hydrogen is F? = 0.99 and f o r  t h e  
temperature-to-hydrogen r e l a t i o n  is R2 = 0.96. 
and hydrogen measurements on t h e  d r i l l  specimens from t h e  cores were used t o  
estimate the  temperature t o  which t h e  coa l  had previously been heated, Figure 3. 
Equations expressing t h e  re la t ionships  of temperature with reflectance,  r e s i s t i v i t y ,  
and hydrogen content, TaMe I, developed f o r  coa l  carbonized i n  t h e  labora tory  were 
used i n  ca lcu la t ing  temperature involved i n  t h e  thermal a l t e r i n g  of t h e  c o a l  and coke 
i n  t h e  core samples. The core samples range from v i r t u a l l y  unaltered coa l  t o  coke 
t h a t  has been thermally a l t e r ed  a t  a maximum temperature of  not l e s s  than 156 
more than  2200 F. Ind i r ec t ly  determined tempe a tures  i n  and near intrusionsly* 
and d i r e c t l y  determined temperatures f o r  lava2y a r e  within t h i s  range. 
t h a t  coal may be used as a maximal geothermometer. However, the  temperatures 
ca lcu la ted  from ref lec tance  a re  higher than those calculated from r e s i s t i v i t y  and 
these  i n  turn  a r e  higher than those calculated from the  hydrogen content,  Figure 3. 

I n  t h e  laboratory 

The reflectance,  r e s i s t i v i t y ,  

F or  

It appears 

* See references. 
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Par t  of t h i s  discrepancy is  due t o  the l a rge  percentage of ash-forming materials, 
which a f f e c t  the  r e s i s t i v i t y  and hydrogen measurements. Reflectance i g  considered 
as the  most accurate ind ica to r  of rank changes r e su l t i ng  from thermal a l t e r a t i o n  
since it i s  not a f f ec t ed  by ash-forming minerals i n  the  samples. However, when 
coals of d i f f e r e n t  rank a re  carbonized under the  same conditions, t h e  highest-rank 
coa l  w i l l  produce coke with t h e  highest  re f lec tance .  I n  t h i s  study, t h e  coa l  
carbonized i n  t h e  labora tory  i s  t h e  same rank as t h e  unaltered coa l  recovered i n  
t h e  d r i l l  core. 

The v i s i b l e  changes t h a t  occur i n  t h e  transformation of coa l  t o  coke a re  
shown i n  Figure 4. The re f lec tance ,  r e s i s t i v i t y ,  and hydrogen data are a l so  shown 
t o  assoc ia te  these changes with t h e  v i s i b l e  changes i n  t h e  coal and coke s t ruc ture .  
The photomicrographs shown i n  Figure 5 i l l u s t r a t e  a l t e r ed  and unaltered coal i n  a 
s ing le  sample of coal,  pyro ly t ic  carbon (carbon from cracked hydrocarbon gases) and 
mineral  matter intruded i n t o  t h e  coa l .  

Relation of t h e  Thermal Al te ra t ion  of Coal 
To t h e  Pos i t ion  and Thickness of t h e  In t rus ive  

The changes i n  re f lec tance ,  hydrogen and vola t i le -mat te r  content with 
d i s t ance  from t h e  in t rus ions  i n  t h e  samples taken from d i f f e ren t  depths i n  the  four 
d r i l l  ho les  a r e  shown i n  Figures 6, 7, 8, and 9. 
i s  intruded near t he  t o p  by two si l ls  of nearly equal thickness f o r  a t o t a l  of 1 . 5  
f e e t .  
t o  a re f lec tance  of 2 percent or  more. I n  t h e  middle of t h e  coa l  column t h e  
r e f l ec t ance  drops abrupt ly  ( i n  only 0.8 foo t )  from more than 5 t o  l e s s  than 2 percent. 
The base of t h e  seam, cons is t ing  of about 6.0 f e e t  of coal, w a s  only s l i g h t l y  
a l t e r e d  by metamorphism and can be considered as coking coal.  

I n  hole 1, B-1 seam (Figure 6)  

The hea t  from t h e  s i l ls  was su f f i c i en t  t o  br ing  8.0 f e e t  of t h e  14-foot seam 

In hole 3 ,  B-2 seam (Figure 7) i s  i n  contact near t h e  top  with an 8.5- 
foo t  s i l l  overlaid by 2.8 f e e t  of sha le  and 3.7 f e e t  of coke, which i s  i n  t u r n  
over la id  by 11.2 f e e t  of i n t rus ive  rock. 
f e e t  of coa l  has coked completely. 
from t h e  sill  increases.  

I n  t h i s  coal column, the e n t i r e  7.8 
The re f lec tance  decreases as t h e  distance 

I n  hole 3 ,  C-seam (Figure 8)  i s  thermally metamorphosed i n  t h e  bottom 
t h i r d  of an  11.6-foot coa l  column. Comparison of t h e  sample in t e rva l s  with t h e  
d r i l l e r ' s  l o g  shows t h a t  1 .2  f e e t  i s  unaccounted f o r  a t  t h e  base of t he  column. 
It was assumed t h a t  t h e  in t rus ive  occurs i n  t h i s  posit ion.  
feet of t h e  basa l  por t ion  of t h e  column exceeds 2 percent re f lec tance .  
remaining 8.0 f e e t  of coal is  only s l i g h t l y  a l t e r ed  and should be considered 
coking coa l .  
of about 2.0 f ee t .  Thus t h e  change from coke t o  coa l  i s  abrupt. 

Approximately 3.6 
The 

The re f lec tance  drops from 5 t o  l e s s  than 2 percent i n  an i n t e r v a l  

I n  hole 2, B - 1  seam (Figure 9 )  i s  not i n  d i r ec t  contact with an in t rus ion  
but i s  separated from an  overlaying s i l l  by 38.6 f e e t  of sha le .  
t o t a l s  26.9 fee t ;  however, a 7.5-foot un i t  of na tu ra l  coke s p l i t s  t he  s i l l s  and 
only 15.9 f e e t  of s i l l  was considered e f fec t ive  i n  t h e  thermal metamorphism of t h e  
coa l .  
There a r e  v i r t u a l l y  no ves i c l e s  developed i n  t h i s  coal. 
been subjec ted  t o  less rap id  heating o r  grea te r  pressures than  t h e  coa ls  i n  which 
t h e  coke s t ruc tu re  developed. 

The in t rus ion  

The e n t i r e  11.4-foot column has been a l t e r e d  t o  an th rac i t e  and is non-coking. 
This coa l  has probably 

i 
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The graphic presentations show t h a t  i n t e rne  changes i n  a c o a l  by contact 
with intrusions extend. only a short  dis tance from the  contact.  
of coal  a l t e r a t ion ,  while undoubtedly r e l a t ed  t o  t h e  temperature of t he  intrusion,  
is a l s o  r e  t e d  t o  the  thickness of t h e  in t rus ion  and its d is tance  f r o m t h e  coal. 

found t h a t  as t h e  r a t i o  of t h e  dis tance (D) from t h e  coal  t o  t h e  thickness of the 
in t rus ive  (T) decreases, t h e  v o l a t i l e  matter (daf)* of t h e  coal  decreases from the 
unaltered coal.  
must have been nearly constant. 
test the  app l i cab i l i t y  of Blignault's findings,  but re f lec tance  was used as the 
rank parameter i n  preference t o  v o l a t i l e  matter. 

However, t h e  amount 

Blignault,3 l-7 i n  h i s  invest igat ion of t he  d o l e r i t e  intrusions i n  t h e  Natal C m i e l d s ,  

For these relat ionships  t o  hold t rue,  t h e  in t rus ive  temperature 
Data from t he  present i nves t iga t ion  were used t o  

The r e l a t ion  of D/T t o  the  ref lectance is shown i n  Figure 10. 
is taken from contact of t he  intrusion t o  t h e  center  of t h e  ind iv idua l  coal  uni ts .  
The following sill thicknesses were used i n  t h e  calculat ion:  
seam i n  hole 1, 8.5 f ee t  for E-2 seam, and 1.2 f e e t  for C seam i n  hole  3, and 
15.9 f e e t  for B-1 seam i n  hole 2. 
r a t i o  of t h e  distance of t h e  in t rus ive  from t h e  coal  t o  t h e  th ickness  of t h e  
in t rus ion  increases as ref lectance decreases. 

Distance 

1.5 f e e t  f o r  €3-1 

The da ta  shown i n  Figure 10 ind ica t e  t h a t  t h e  

Coal a l t e ra t ion  i n  coal-bearing s t r a t a  assoc ia ted  with in t rus ions  should 
be use fu l  i n  es tabl ishing distance from in t rus ive  centers and the  d i r ec t ion  of 
t he  leading edge of an intrusive body a s  well  as i n  es tab l i sh ing  t h e  de le te r ious  
e f f e c t s  sustained by the  individual coals i n . a  coa l f i e ld .  

summary 

Examination of coal-bearing s t r a t a  obtained from d r i l l - c o r e  samples taken 
from the  Somerset area indicated t h a t  portions of t h e  coal  have been thermally a l t e r ed  
a s  a r e s u l t  of exposure a t  some time t o  molten rock (igneous in t rus ion ) .  
of a l t e r a t i o n  of the  coal  was such t h a t  t he  coking proper t ies  of t h e  coal have been 
affected.  I n  t h e  investigation, it was found t h a t  measurements of reflectance,  
e l e c t r i c a l  r e s i s t i v i t y ,  and hydrogen content could be used t o  determine t h e  degree 
of a l t e r a t i o n  of t he  coal.  The data  indicate  t h e  a l t e r a t i o n  of t h e  coal was re lated 
t o  thickness and distance of the  intrusive from the  coal  bed. In addi t ion  it YBB 
found t h a t ,  within limits, coal may be used as a maximal geothermometer. 

The degree 
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Equations Used t o  Express t h e  Relationships 
of Temperature with Reflectance, Res is t iv i ty ,  

and Hydrogen Content 

1. Temperature, F = 222.6514 + 641.l.268 Ro - 147.9204 b2 + 12.6l.24 ~+,3 

Ro = maximum re f l ec t ance  i n  o i l  

2. Temperature, F = 1497.4304 - '75.9517 R - 5.9162 $ - 0.5102 R3 
R = e l e c t r i c a l  r e s i s t i v i t y  i n  ohm-cm 

3. Temperature, F = 2279.10l2 - 749.llgl H + 178.4985 H2 - 17.0855 H3 
H =hydrogen content,  weight percent (daf )  

I 
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Figure 1. Location of Diamond-Drill Holes in Somerset Area, Colorado 
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TEMPERATURE, F 

Figure 2. Relation of Temperature t o  Reflectance, Resis t ivi ty ,  and 
Hydrogen f o r  Coal Carbonized i n  t h e  Laboratory 
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TEMPERATURE, F 

Figure 3 .  Relation of Calculated Temperature t o  Reflectance, Resis t ivi ty ,  
and Hydrogen for D r i l l  Core Samples of C d  

Q 

-I 

-2  

-3 

I 



118 

.ectance, 
zrcent 

0- 7 

0.9 

3.0 

4.5 

5.6 

7.5 

Res i s t iv i ty ,  
ohm cm 

3.0 x 10” 

8.4 x lolo 

2.1 x 10‘ 

2.0 104 

1.3 x io 

2.9 x us2 

Hydrogen, 
w t  percent 

6.2 

5.5 

3.6 

2.8 

2- 5 

1-3  

Description 

Coal i s  unaltered 

Coal increases i n  
re f lec tance  but 
vacuole development 
has not  occurred. 

Small pinpoint 
vacuoles develop. 

Vacuoles increase 
i n  s i ze .  

Vacuoles continue 
t o  increase i n  
s i ze .  

&isotropic coke 
s t ruc tu re  develops. 

Figure 4. As t h e  ’Phermal Metamorphism of Coal Increases, t h e  merit of 
Vacuole Development Increases and t h e  Reflectance Increases, 
While R e s i s t i v i t y  and Hydrogen Decrease. Reflected l i g h t ,  
X3W. 
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Particles of c o a l  shoving vide 
variation i n  reflectance i n  a 
single sample representing a 
1.7-foot c o a l  interval. This is 
evidence of abrupt changes in the 
degree of thermal metamorphism. 

Coke (pyrolytic carbon) produced 
from cracking of hydrocarborn or 
incomplete combustion of gas. 

Mineral matter derived from the 
diorite intruded into the coal. 

Figure 5 .  Photomicrographs Show Thermally Metamorphoeed Coal, Pyrolytic 
Carban, and Intruded Mineral Matter. Reflected Uat ,  B O O .  
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Figure 6. P ro f i l e  of Coal and S i U  with Reflectance, Hydrogen, and 
V o l a t i l e  Matter f o r  Indicated Coal U n i t s ,  B-1 Seam, Hole G-15. 
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Volat i le  Matter for Indicated Coal U n i t s ,  B-1 Seam, Hole G-17. 
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